The electrodeposition of gold nanostructures increases the surface area of a biosensor, which brings an enhancement of the sensitivity by increasing the amount of analyte binding to the surface. To evaluate the relationship among the surface structure, the area and the analyte binding, we quantitatively analyzed them for quartz crystal microbalance (QCM) sensing by scanning electron microscopy and cyclic voltammetry measurements. The results indicate a several-times increase of analyte bindings, and also the limitation of the sensing performance.
Introduction
Surface biosensors have been widely used in research fields of biochemistry, clinical diagnosis, food analysis and environmental biology. 1 In general, ligand molecules are chemically immobilized on the solid surface of a sensor chip, to which analyte molecules in solution specifically bind. The resultant change of the surface characteristics are detected by such phenomena as electrochemical reactions, 2 quartz crystal microbalance (QCM), 3 surface plasmon resonance (SPR) 4 and surface acoustic wave (SAW). 5 An enhancement of the sensitivity has attracted strong interest in terms of the detection of a sample of low concentration and small molecules. Concerning this aim, some groups have proposed an enlargement of the surface area of a sensor chip to capture more analyte molecules than a conventional chip by fabricating a nanometerscale rough surface. 6 For this purpose, electron beam lithography, 7 nanotemplating, 8, 9 and electrodeposition 8 have been employed. Among them, the electrodeposition of gold is one of the promising methods, because it requires no expensive equipment and allows facile control of the morphology of the nanostructure (i.e. surface area) by adjusting the electric current, 9 potential, 10,11 pH, 12 base substrate 13 and additive to the electrodeposition solution. [13] [14] [15] Sensitivity enhancement using electrodeposition has been demonstrated in electrochemical sensing 16 and QCM sensing, 14, 17 showing an increase of analyte binding in comparison with a conventional flat-surface chip. Although the surface structures have been evaluated indirectly by contact angle measurements and X ray diffraction (XRD), the actual size of gold nanostructures at various deposition conditions were not quantitatively measured as far as we investigated the literature. Thus, the relationships among the surface structure, the area and the amount of analyte binding have not been necessarily proved.
To address this point, we evaluated the surface nanostructures quantitatively by means of scanning electron microscopy (SEM) and cyclic voltametry (CV), and the analyte bindings by QCM sensing. The results were compared, from which we investigated the relationship between the structure and the sensing performance.
Experimental

Surface preparation
We used Si substrates for SEM observations of electrodeposited gold nanostructures and CV measurements for estimating the surface area, and also used quartz crystal substrates for QCM sensing. A 4-inch Si substrate of 300 μm thickness was cut into small pieces (15 × 15 mm), which were cleaned with NH4OH/H2O2 for 15 min. After drying it, chromium and gold were deposited to a thickness of 5 and 50 nm, successively, using a thermal deposition system. The substrate was rinsed with acetone and ethanol. It was then treated by a UV ozone cleaner (144AX, Jelight Company, Inc.) for 30 min. Quartz crystal substrates with gold surfaces were purchased form Seiko EG&G Co. Ltd. (QA-A9M-AU).
Electrodeposition was performed as described by Imamura et al. 16 We used a conventional 3-electrode system with a counter electrode (Pt wire VC-2, BAS), an Ag/AgCl reference electrode (RE-1B, ALS Co. Ltd.) and a working electrode (gold layer on a base substrate). A Si/QCM substrate was dipped in an electrodeposition solution (83 mM Na(AuCl4), 1.58 mM Pb(CH3COO)2/H2O) in a home-made Teflon ® chamber. The electrodes were connected to a potentiostat (2090, Toho Technical Research Co. Ltd.). A potential between -0.1 and -0.5 V versus the reference electrode was applied to the gold layer for different times of between 10 and 50 s. After that, the substrate was rinsed with Milli-Q water, and dried. As control experiment, we also used substrates without electrodeposition, which we referred as "a flat chip" in the following section.
SEM observation
The electrodeposited Si substrates were sectioned by hand using the crystalline anisotropicity for visualization of their cross sections. The sample was mounted by silver paste on an observation stage. Five images were obtained by an FE-SEM (JSM-7001F, JEOL Ltd.) at an acceleration voltage of 15 kV and a working distance of 9.2 -9.6 mm for each electrodeposition condition, and analyzed by ImageJ software. The width at the base and height of 10 cone-like gold nanostructures (randomly sampled) were measured for each image. From the average size, the surface area of the substrates was estimated and compared to that of a flat surface, assuming the structures had an ideal cone shape.
CV measurement
The electrodes as described above were dipped in 0.5 M H2SO4, connected to a potentiostat. The potential applied to the chip was swiped in the range of 0.6 -1.6 V with a speed of 100 mV/s using a function generator (WF1974, NF Corp.), when the data on the electric current were stored in an oscilloscope (TDS2042B, Tektronix Inc.).
The CV measurement was performed 5 times for each deposition condition (-0.1 V/50 s, -0.3 V/50 s, -0.5 V/10 s, -0.5 V/30 s and -0.5 V/50 s). From cyclic voltammograms, we calculated their surface areas, as described in the literature. 18 
QCM sensing
We evaluated the bindings of IgG molecules to a Protein Aimmobilized gold surface. First, a QCM chip was treated with a piranha solution (H2SO4:H2O2 = 3:1) for 30 min, then dipped in 1 μM 3,3′-thiodipropionic acid (Dojindo Molecular Technologies, Inc.) for 30 min to introduce carboxyl groups onto the surface. After that, the chip was mounted in a flow cell (QA-CL6, Seiko EG&G Co. Ltd.) connected to an HPLC pump (880-PU, JASCO Corp.). Phosphate buffer saline (PBS 20 mM, pH 7.2) was used as a carrier buffer with a constant flow rate of 0.1 ml/min. The flow cell was placed on a dry incubator to keep the temperature at 32 C. During the operation, the frequency shift of the chip was monitored using a QCM analyzer (QCA922, Seiko EG&G Co. Ltd.). We introduced 100 μl,
hydrochloride (EDC, Sigma-Aldrich Co. LLC) to activate the surface. Then, 100 μl of 2.5 mg/ml Protein A (Merck & Co., Inc.) was introduced into the flow cell, when the molecules were immobilized on the chip through the NHS-EDC reaction. After the frequency became stable, we checked the noise level by calculating the root-mean square from the data in 40 s. Then, 100 μl of a 1.25 mg/ml IgG solution (Invitrogen) was injected into it. The frequency shift was monitored, from which we evaluated the amount of bound IgG molecules. This experiment was performed 3 times for each deposition condition (-0.5 V/10 s, -0.5 V/30 s and -0.5 V/50 s). 
Results and Discussion
Structural characterization
Electrodeposited substrates were observed in cross section (Fig. 1) . The surfaces were covered with rounded-cone-like gold structures with nanometer scale size, which grew with the potential and the time. The surface area was also apparently increased, which we characterized quantitatively by image analysis, with the height (h), the width (w) and the aspect ratio (h/w) of each nanostructure (Fig. 2) . The h and w increased with time in the range of 20 -200 and 40 -120 nm, respectively. The aspect ratio shows increases from 0.7 to 2 in accordance with the deposition time, indicating that they grew perpendicular to the substrate. Generally, the morphology depends on the rate of two processes; the growth and the nucleation of gold nanostructures. 13 The increase of the aspect ratio with time indicates that the growth mode was dominant in our setup. A more negative electrode potential did not increase h, w and h/w significantly in all of the conditions mentioned here, indicating that the potential in this range does not affect the growth speed and mode. Various morphologies have been reported, involving pyramidal, 10 pinlike, 19 spherical, 10, 13, 19 and flower-like 15 structures by changing the deposition condition. The analysis demonstrated here is expected to allow quantitative analysis of the surface morphology and to facilitate a prompt understanding of the tendency about the structure growth by choosing an appropriate representative size.
We also characterized the real surface area using CV measurements (Fig. 3) , which is based on measurements of the electrochemical reaction of an oxygen monolayer on a gold surface (Au2O3). 18 Cyclic voltammograms at different deposition conditions are shown in the inset of Fig. 3 . The result also shows that the surface area increased with the time, which was in the range of 2 -16 times higher than the flat chip (Fig. 3) .
QCM sensing
Analyte binding to a QCM sensor surface causes mass addition, resulting in the frequency drop expressed by Sauerbrey equation. 3 Bonroy et al. showed that the equation is valid in an electrodeposited porous gold substrate. 14 We evaluated IgG binding to a Protein A-immobilized sensor chip (Fig. 4) by monitoring the frequency shift. After injection of IgG solution, the frequency dropped as shown in the inset, indicating successful binding to the sensor surface. Figure 4 shows the frequency drop 5 min after injection of the IgG solution, indicating that the amount of analyte binding on the electrodeposited gold chip was 2 -4 times larger than that on the flat chip. From these results, the signal enhancement by gold nanostructures was confirmed. In regards to the minimum detection limit, although the signal was increased, the frequency noise was also apparently increased at -0.5 V/50 s. The noise level of the flat chip and the electrodeposited chips of -0.5 V/10 s, 30 s and 50 s were 0.5, 0.6, 0.4 and 12.06 Hz, respectively. In -0.5 V/10 s and 30 s chips, they were 0.8 -1.2 times higher than that of the flat chip, suggesting that they can detect analytes of lower concentration, or smaller molecules than conventional flat chip because of the increase of the signal (i.e. analyte binding) and relatively low noise. In contrast, the noise level of a -0.5 V/50 s chip was 20-times higher than that of the flat chip, whereas the signal was improved up to 4 times, which means the resultant sensitivity was lowered. This might be due to factors that disturb the oscillation, such as flow over the rough surface of the sensor chip.
Comparison of the surface area and analyte binding
The results of the surface area and the analyte binding are summarized (Table 1) . Regarding the surface area, a rough estimation from the SEM observation was in good agreement with the real surface area measured by CV under -0.5 V/10 s and 30 s conditions. On the other hand, we found that the chip of -0.5 V/50 s showed a large difference between them. This might be due to the fact that the SEM estimation disregards small structures that cannot be observed and a rugged surface between cone-like nanostructures, and also the artifacts in CV measurements caused by such factors as impurities on the gold surface and multilayer oxide film formation. 18 This suggests that the estimation from SEM observations is adaptable in the range of a relatively small (several times) increase of the surface area here.
The binding of analyte molecules showed almost the same increase as the real surface area at -0.5 V/10 s. As the deposition time became longer, the difference between the surface area and analyte binding was extended. In other words, the increase of the surface area did not directly link with the analyte binding. The reason should be that the diffusion of the analyte is limited by the steric hinderance of gold nanostructures 20, 21 and the deficiency of analyte molecules near the surface. 22 In summary, although a nanostructured QCM chip allows an enhancement of analyte bindings to several times while keeping its noise level low, a chip with a larger surface area (i.e. very rough surface) potentially causes a high noise level, decreasing the sensitivity. The structural evaluation demonstrated here and the insight about the sensing performance will provide a feasible guiding principle for future applications of electrodepositted gold nanostructures in QCM sensing. 
